Introduction
The , and the mean depth is 838 m. There is a positive fresh water balance and consequently a two-layer structure with a strong halocline, which limits the vertical convection. The salinity is 32.5 psu (Practical Salinity Unit, 1 psu  10 -3
) in the 50-m surface layer and 33-34 psu in the deeper layer. Every winter ice forms in the Sea of Okhotsk, and on average the maximum annual ice extent is 80% of the sea area and the length of the ice season is 5-6 months (e.g., Shirasawa, 1998) .
The available observational sea ice data of the Sea of Okhotsk, mainly from Japanese and Russian literature, are very limited (e.g., Talley and Nagata, 1995) . The thickness of thermally grown ice is from 30-60 cm at Hokkaido in the south up to 150 cm on the northern coast ( Fig.   1 ). In recent years sea ice investigations have been increasing, much due to the exploitation of oil and gas offshore Sakhalin where sea ice information is needed for platform construction, for transportation of oil and gas, and for environmental risk analysis for oil spills (Anon., 2000) . Research work in the Sea of Okhotsk has also been recommended to understand the ventilation of the North Pacific Ocean, including the formation of the North Pacific
Intermediate Water where ice formation may play a significant role. One more aim has been to construct a realistic ice-ocean biogeochemical cycle model that enables us to predict annual and interannual key functions including the variability of the renewable resources (e.g., Talley and Nagata, 1995) .
In a joint Japanese-Finnish research program "Ice Climatology in the Okhotsk and Baltic
Seas", an experimental site was set up in the Saroma-ko Lagoon on the northern coast of Hokkaido for the growth, structure and properties, and decay of landfast ice (Shirasawa et al., 1996b) . A similar site was established in Kleye Strait, Chaivo Bay off Sakhalin Island in a Japanese-Russian cooperative project "Sea Ice Studies off the Okhotsk Sea Coast of Sakhalin" (Shirasawa et al., 1996a) . Both sites have provided very good data for the seasonal evolution of the ice conditions. An advanced model with snow metamorphosis and snow-ice formation, developed for the Baltic Sea (Saloranta, 2000) , has been examined for its feasibility in the Sea of Okhotsk with good first results .
Coastal landfast ice reflects the local winter climate, and its evolution is easily monitored together with the thermal forcing. The thickness of landfast ice is also a good reference for the thickness of undeformed drift ice further offshore, and it provides a good control for the thermodynamics of regional sea ice models.
In this paper the results of the structure and evolution of landfast ice in Saroma-ko Lagoon and Kleye Strait are presented. In particular the role of snow is analysed, including slush formation and snow-ice growth. The data are used to calibrate a thermodynamic snow-slushsnow-ice-congelation ice model with good success, and the model is utilized for analyses of the landfast ice climatology.
Ice Conditions and the Study Sites

Ice in the Sea of Okhotsk
Freezing in the Sea of Okhotsk normally begins in November on the northern coast. The maximum ice extent occurs in mid-March, and then the ice retreats disappearing by the beginning of June. The mean maximum annual thickness of landfast ice varies regionally within 30-150 cm ( Fig. 1) . On the coast of Sakhalin the ice grows to 70-120 cm, and the thinnest ice is found off Hokkaido, down to 30 cm (Fukutomi, 1952; Tabata et al., 1980) . The thickness of drift ice varies largely due to mechanical processes. In the northern Sakhalin thicker pack ice floes are 120 cm thick (Polomoshnov, 1992) , and off Hokkaido the thickness of undeformed drift ice is in the range of 19 to 55 cm (Shimoda et al., 1996) .
Observations of the dates of freezing and breakup of sea ice started in 1892 by the Abashiri Observatory on the Hokkaido coast (Fig. 1) . Daily visual observations of ice concentration within about 20 km from the coastline have been supplemented since 1930. The quantity "accumulated ice concentration", A T =  T A(t)dt, where A is ice concentration, t is time and T is the period from the freezing to breakup, has been used for the severity of the winters. It has decreased since 1930, while there has been an increasing trend in the annual mean air temperature (Aota et al., 1993 (Shirasawa and Leppäranta, 1996) . Since 1969 a sea-ice radar network has been operative allowing continuous monitoring of ice field scenery along a 250-km northern coastline of Hokkaido to as far as 50 km offshore. The sea-ice coverage as observed by the radar network also shows a negative trend for the past years (Shirasawa, 1998 
Sites
Two specific landfast sea-ice sites are examined in this study: (1) Saroma-ko Lagoon,
Hokkaido with maximum annual thickness of 30-60 cm, and (2) Kleye Strait, northern
Sakhalin with maximum annual thickness of 70-120 cm. In both sites the ice is covered with snow, with significant amount of snow-ice formation as is typical for the whole Okhotsk Sea.
These test sites were chosen to represent the ice conditions both in the southern and northern parts of the Sea of Okhotsk.
Saroma-ko Lagoon ( Fig. 1 ) is 149.2 km 2 in area, 19.5 m in maximum depth, and 14.5 m in mean depth. Two main rivers provide Freshwater, and there are two inlets connected to the Sea of Okhotsk. About 90% of the total seawater inflow passes through the first (western) inlet opened in 1927, while the remainder comes via the eastern inlet built in 1978. The opening of the inlets has caused changes to the water mass and circulation of the lagoon. The salinity of the lagoon water is less than 32 psu, stratified in the ice season with low salinity levels beneath the ice. The ice site is in the eastern part of the basin, far from the main inlet.
Kleye Strait is 1-1.5 km wide and 15 m deep link between the Chaivo Bay and the Sea of Okhotsk (Fig. 1) . Chaivo Bay is 40 km long and 5-7 km wide, and its water area is about 95 km 2 . The salinity of the water varies between 10 and 30 psu due to tidal flows into and out from the Chaivo Bay. Shallow water regions with water depth of 0.5-1.0 m are rich in seaweed and occupy about 75% of the entire Chaivo Bay water area, and the diurnal tides are predominant with the maximum amplitude of about 2 m (Polomoshnov, 1994) . In winter the water body freezes over for about 6 months.
Ice Thickness Climatology
Saroma-ko Lagoon
The average freezing date is 8 January, with remarkably small standard deviation (Table 1 ). In the beginning of the freeze-up, atmospheric forcing keeps the western lagoon open and frazil ice is formed there. This continues until the ice becomes more stable and the whole lagoon surface is covered with a level ice sheet. In five very mild recent winters (1989, 1991, 1993, 1997 and 2002) no full ice cover formed. The maximum annual thickness of ice is 35-60 cm in the eastern lagoon. On average, the growth to 34 cm takes one month, to mid-February, and thereafter the ice grows 8 cm more. There are spatial variations in ice thickness due to the heat flux from the first inlet leading to thinner ice in the western basin. In 1993 and 1997, when the western basin was open all winter, the thickness level was, however, as usual in the east.
The Saroma-ko ice sheet has a two-layer structure: a granular snow-ice layer on top and a columnar layer underneath. The bulk salinity of the ice has ranged through 1.5 to 5.1 psu in mid-winter, with higher values in the snow-ice layer due to the flooding of seawater in initiating the snow-ice formation. Recently ice structure analysis has commenced to investigate the detail structure of these layers (Kawamura et al., 2004) . On average the columnar ice layer is 30% of the total thickness but variations are large, 0-82%, the rest being At the Abashiri weather station the maximum annual snow thickness has averaged to 50.8 cm (standard deviation of 20.3 cm) while the average snow thickness on the ice in Saroma-ko has been 11 cm (standard deviation of 10 cm) in mid-February. The difference is partly explained by snow transport but much of it is in the snow-ice layer in the ice sheet. In the eastern basin no notable volume of frazil ice has been found, not even in 1997 when the western basin was ice-free all winter. A 40-cm snow layer could transform into a 10-cm snow-ice layer by meltfreeze cycles or into a 20-cm snow-ice layer by flooding.
In the five-year period 1992-1996 Saroma-ko lagoon froze over four times. The average date of full ice coverage was 3 February (standard deviation only 2 days), i.e. 26 days after the first ice formation. In the 1960s the timing of the full freeze-up was in mid-December, and a major shift occurred in 1979 corresponding to the opening of the second inlet . In 1992-1996 the average breakup date of the full ice coverage was 12 April, with standard deviation of 6 days, while in 1963-1972 these numbers were 16 April and 7 days.
The breakup date did not change much, because the spring heat budget is so strongly dominated by the incoming solar radiation.
There is a connection between the duration of full ice cover of Saroma-ko lagoon and the ice conditions within the 50-km radar coverage in Abashiri . Also here the ice sheet consists of two layers: upper snow-ice layer and lower congelation ice layer. The bulk salinity of ice is in mid-winter usually 3-4 psu. In mid-December the average ice thickness in Kleye Strait is 38.5 cm, with the standard deviation of 9.8 cm ( Table 2 ). The ice grows steadily by 0.5 cm/day during the next two months, then slowing down to reach 76-cm ice thickness in mid-March. The standard deviation stays at about 10 cm. Then a spring growth phase begins, and the maximum annual thickness is obtained in April, on average 100 cm and with a long-term maximum of about 120 cm. This spring growth is due to snow-ice formation and the resulting increase is drastic, an average of 24 cm added onto a 76 cm ice cover. Snow accumulation on the ice cover ranges between 10 and 55 cm. Melt water ponds begin to appear at the beginning of April in the region, and a recurrent polynya forms in midor late April.
Analytical Modelling
In spite of their crudeness, simple analytic models provide rather good results for the climatology of sea ice thickness (Leppäranta, 1993) . Denote thickness by h, density by , thermal conductivity by , and temperature by T, with subscripts a for air, o for air-snow/ice interface, s for snow, si for snow-ice, i for normal sea ice, and w for water. The basic analytic model for congelation ice growth is based on the Stefan problem (Stefan, 1891) . Thermal inertia and internal heating by solar radiation are ignored, and surface temperature
is prescribed. A generalized form including a practical modification, due to that normally the surface temperature must be estimated from the air temperature T a , reads in differential form
where 
Snow-ice grows from the top of the slush, and the growth equation is (Leppäranta, 1993) 
where is the water fraction of the slush layer, his Table 2 ). The Stefan's law for the growth of bare congelation ice would give an estimate of 122 cm for the maximum annual ice thickness.
The snow-ice formation in spring is due to flooding and/or melt-freeze cycle. Assume that there is initially a snow cover of thickness h so . If a slush layer of thickness h sh is formed in the lower part, it will freeze into snow-ice according to Eq. (2) Such S levels exist in our April data. The slush layer formation by flooding necessitates h so  50 cm, and then we would need (k i /k s )  5, which is possible for dense snow. Snow density measurements have given 0.375 Mg/cm 3 , which gives k i /k s  5.9 (Yen, 1981 ; see next chapter). Snow-ice formation from melt-freeze cycles is easier since then the insulating effect of snow becomes reduced; also then the initial snow thickness needs to be around 50 cm and S  100 o C·day would be enough.
Numerical Modelling of Ice Thickness
Model Description
A snow/sea-ice thermodynamic model, earlier developed for the Baltic Sea (Saloranta, 1998 (Saloranta, , 2000 is employed in the present work. It consists of the classical Maykut and Untersteiner (1971) model and a snow model, which takes account of snow compaction, slush formation from flooding, melting or rain, and snow-ice growth (Fig. 2) . The basic equation is the
where c i is specific heat of ice, and I is solar radiation penetrating into the snow and ice. The boundary conditions come from the continuity of heat flux with a moving top and bottom boundaries:
where Q o is the top surface heat balance, P is snowfall rate, S is slush formation rate, M is snow-melting rate, C is snow compaction rate, and h sh is the thickness of slush layer. The term Q o includes the radiation balance and turbulent heat exchange with the atmosphere.
The thickness of snow increases due to snowfall, given as the water equivalent into the model and changed to snow thickness using a fixed density of new snow. The threshold value between snow and no-snow conditions in the model is set to 3 cm. The thickness of snow decreases due to three different reasons: surface melting, compaction, and transformation to slush. The density change in snow due to compaction is formulated after Yen (1981) as 
where  fw is density of pure water, and B is the buoyancy of ice, snow-ice and old slush layers.
In the model a fixed snow overload is needed for the flooding event to begin; here it is taken as 3 mm of water equivalent. The thermal conductivity of snow is formulated after Yen The snow-ice growth model was first given in a three-layer model of Leppäranta (1983) initiated from flooding of seawater. It was further used by several authors, as applied by Fritsen et al. (1998) for microalgal dynamics. Saloranta (2000) presented a fine resolution sea ice model with snow-ice formation allowed also from melt-freeze cycles in snow cover and liquid precipitation, while Maksym and Jeffries (2000) examined a coupled temperaturesalinity model of sea ice and suggested upward brine flows as an additional mechanism to produce slush on the top surface of sea ice.
The surface heat budget is written as
where Q r is net shortwave radiation, Q L is net long-wave radiation, Q h is turbulent sensible heat flux, and Q e is turbulent latent heat flux. The bulk formulae have been used for the turbulent fluxes with the transfer coefficients of 1.75·10
-3 (Crocker and Wadhams, 1989) while the radiation terms are
where  is albedo, i o is the part of the solar radiation penetrating the surface,  is atmospheric turbidity, f is a correction factor depending on the cloudiness N (Reed, 1977) , Q s is the solar radiation on a horizontal surface on top of the atmosphere,  is emissivity of the ice/snow surface,  is Stefan-Boltzmann constant, A = 0.68, B = 0.0036 mb -1/2 and C = 0.18 are empirical parameters, e is water vapour pressure, and the underlined temperatures refer to the absolute temperatures. The formulation of the long-wave radiation is as in Omstedt (1990) .
Snow and ice albedos were defined separately for four different surface conditions. The model parameters and constants are given in Table 3 .
The model is forced by local data for the calibration. Climatological ice and snow simulations are then performed with local weather data for Saroma-ko Lagoon, but for Kleye Strait such long-term record does not exist and instead the NCEP/NCAR reanalysis data are used (http://www.cdc.noaa.gov/). The sea-ice growth modelling problem possesses a negative feedback to errors, which makes it relatively easy. Also the thicker the ice grows, the less is the thickness sensitive to atmospheric forcing. Indeed, the background Stefan's law tells that squared ice thickness is proportional to the freezing-degree-days S (see section 3.3), and consequently h i  S/h i . With snow accumulation, snow metamorphosis, slush formation, and snow-ice growth, the sensitivity to the treatment of snow steps into the picture, and the model outcome may lead to large persistent deviations (see Leppäranta, 1983) .
Saroma-ko Lagoon
Meteorological forcing data were available for 1987-1996 at six-hour time interval at Abashiri Observatory (Sapporo District Meteorological Observatory, 1987 , located a bit southeast from the study site ( Results from the modelled Saroma-ko lagoon ice winters are shown in Fig. 3 and Table 4 .
In winter 1992 the modelled maximum ice thickness was 26 cm and the day of breakup was 6
April. This year's model fit was the worst. The ice was mainly congelation ice, with steady growth until 25 March. Observed ice thickness was 33-42 cm from 22 February to 20 March , consistently higher than the modelled maximum. The observed snow thickness showed variability with likely loss due to snow-ice formation in late February. The modelled day of breakup showed a fairly good consistency with the observed day of 4 April.
In winter 1994 the site froze at the beginning of January and first the congelation ice growth was dominant in the model. Two persistent slush layer periods occurred: 20 February -5
March and 20 March -10 April. The ice thickness was at its maximum at the beginning of April, and the snow-ice fraction increased to more than 50% during the snow-melting period.
On 28 February the observed snow and ice thicknesses were of 9 cm and 38 cm, respectively, as given by the model (see Fig. 3 ). The modelled breakup day (21 April) showed a good agreement with the observed day of 17 April (Table 4) .
In winter 1995 ice formed at the beginning of January, and one month later the ice thickness was 25 cm. A thick slush layer formed in mid-February and remained on ice for four weeks.
At the beginning of March the ice thickness reached its maximum of 45 cm, in agreement with observations, and the snow-ice fraction became large due to bottom melting of the congelation ice. There was a little less snow in the model than in the observed data ( Fig. 3; note that the slush layer must be added to the model snow line). The modelled day of breakup on 12 April showed a good consistency with the observed day of 10 April.
Winter 1996 was reproduced well by the model. The model ice was almost all congelation ice, and only in the spring melting season significant snow-ice layer formed. The modelled maximum ice thickness was 39 cm, while the observed values were 33-36 cm. Also the modelled snow thickness (5-15 cm) was consistent with observations (7-9 cm). The modelled day of breakup on 27 April was 11 days delayed from the observed 16 April, the error being larger than in other years.
In all, the model outcome shows a two-layer ice structure with a snow-ice layer on top and a congelation layer below, and the relative proportions of these layers vary largely from year to year. In 1992 the ice was mainly congelation ice, while in 1995 the snowfall was heavy from mid-February to mid-March, and the consequent slush/snow-ice formation turned gradually most of the ice sheet into snow-ice. A slush layer was found every winter, and except for 1992 this layer persisted several weeks. Most of the snow-ice was due to infiltration of seawater into the snow due to the weight of snow, while a small addition comes in the snowmelting season due to the diurnal cycle in the surface heat budget. Ice thickness and ice breakup date were predicted fairly well by the model, with the mean errors of 3 cm and 5 days (Table 4) . In 1992 the error in ice thickness was 16 cm and in 1996 the error in the break-up date was as large as 11 days. The two-layer structure of the ice sheet as well as the large yearto-year variability of the thicknesses of the layers corresponds well to observations. In the present model the ice melts where it is, but in reality the ice breaks and drifts before the final melting. Due to this breakage the ice disappears a few days earlier than otherwise.
The 10-year period 1987-1996 was then taken for a climatological simulation. Three winters when the lagoon did not completely freeze over were excluded from the calculations. The resulting mean evolution of the thicknesses of snow (including slush), snow-ice and congelation ice averaged over the seven winters is shown in Fig. 4 . First the congelation ice growth is dominant, and in the beginning of February the ice thickness is 20 cm. A month later it is 27 cm, and in March the growth is mainly due to snow-ice formation. The maximum ice thickness is 32 cm, 10 cm less than observed in 1992-1996 (the shorter observation period partly explains the difference: for these years the mean bias down was only 3 cm in the model.). At the time of the thickness maximum the snow-ice thickness is 15 cm, and the snow-ice fraction increases to more than 50% during the melting period. The ice breakup date is 20 April, eight days later than the observed average date.
The snow metamorphosis and the oceanic heat flux are the crucial model elements. The fact that the modelled snow thickness agrees rather with the measurements, both in the case years and in the statistics, suggests that relevant snow physics are now rather well represented. The oceanic heat flux corresponds to a typical level but its temporal variations are not included. Its role was examined with a sensitivity analysis (Fig. 5) . When the oceanic heat flux is zero, the maximum ice thickness becomes 42 cm, 10 cm more than in the standard case (5 W/m 2 ). The snow-ice thickness is about the same (15 cm) in absolute units but less relatively speaking.
When the oceanic heat flux goes to 20 W/m 2 , the ice thickness is 18 cm at maximum and it is almost all snow-ice. Congelation ice is formed in the early ice season but it is melted by the oceanic heat flux, while snow-ice continues to grow. Thus also the proportions between congelation ice and snow-ice are largely affected by the oceanic heat flux. The snow-ice layer extending down through the ice sheet due to the melting of congelation ice was also reported by Lytle and Ackley (2001) in the Weddell Sea.
Since the snow layer thickness was realistic in the model, it is interesting to look further into the predicted snow layer (Fig. 6 ). The density of snow increases from the initial level of 0.225
Mg/m 3 to 0.3 Mg/m the presence of slush. The slush layer is important for controlling the surface temperature of the ice and thus the temperature of the whole ice and snow sheet. Also a persistent slush layer opens possibilities for algae growth at the ice-snow interface.
Kleye Strait
Meteorological observations have been collected at Chaivo Research Station (Fig. 1) near the shore of Kleye Strait, which links Chaivo Bay to the Sea of Okhotsk (Shirasawa et al., 1996a) .
The data for the ice season 1994/1995 are used for the model calibration. Short-wave radiation flux was calculated from the measured total daily solar insolation assuming the flux to vary sinusoidally between sunrise and sunset. An average value for cloudiness (55%) was taken from Peixoto and Oort (1992; p. 173-175) . (Shirasawa et al., 1996a) , and the calibration run was consequently initialised in 29 December. Precipitation rate was averaged from snow thickness and density observations and kept constant at 1.56 mm water equivalent/day during the ice season.
The total ice thickness was well reproduced by the model, within 10 cm (Fig. 7) . At the end of the observation period the model ice thickness was 88 cm while the observed value was 95
cm. Snow-ice formation began on 15 February and continued then the whole time, and at the same time congelation ice growth ceased and its thickness began to decrease slowly. The temperature at the ice-snow interface was very well reproduced by the model (Fig. 7) , strongly supporting the quality of the modelled heat fluxes. The oscillations in the modelled curve in the later period are due to the model threshold value of 3 mm water equivalent of snow overload needed for the flooding event.
The constant precipitation rate in the model produced good snow thickness and density outcome although the model somewhat underestimates the total compaction rate (Fig. 7) . Also because of this artificial regularity there were no peaks in model snow thickness and all The long-term (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) simulations were performed using the NCEP/NCAR reanalysis data, which result from a state-of-the-art analysis/forecast system to perform data assimilation using past data from 1958 to the present. A large subset of the data is available from NOAA- A comparison between this simulation with the individual ice season 1994/95 is presented in Fig. 8 . The agreement is worse than when using the local weather data. The ice thickness is biased up by 20 cm while the snow thickness is rather good for the total volume but timing is biased. However, in the absence of long-term local weather record, the correspondence is still considered acceptable to produce ice climatology. The main reason for the ice thickness being biased up is that the air temperature must be lower in inner Sakhalin than on the coast.
CIRES
The results of the 10-year-mean evolution are shown in Fig. 9 . The site freezes on 5
November and the breakup of ice takes place on 5 June. Comparing with the long-term averages, the breakup date is close (12 June) but the freezing date is well ahead (25 November). The maximum annual ice thickness becomes 108 cm, and the ice sheet consists of 70 cm of congelation ice and 38 cm of snow-ice. The snow thickness reaches the maximum of 30 cm in February. The mean thicknesses of ice and snow correspond rather well to the observation statistics (Table 2 ) except that the timing of the snow peak is earlier in the model outcome and (probably because of that) the spring snow-ice growth does not come out very well.
Conclusions
The thickness of coastal fast sea ice in the Sea of Okhotsk has been examined based on field data and thermodynamic modelling. The study sites were Saroma-ko Lagoon, Hokkaido and Kleye Strait, Sakhalin. They represent the ice conditions in the southern and northern parts of the Sea of Okhotsk. The following conclusions are made on the field observations:
1. In Saroma-ko Lagoon, the freezing and breakup dates are 8 January  7 days and 12
April  6 days (here and below  is for the standard deviation). The ice grows to 34  13 cm in mid-February to 8 cm more thereafter. The ice sheet has a two-layer structure:
granular snow-ice layer on top and columnar ice layer below. The proportions of the layers vary widely, at extrema all ice may consist of snow-ice or 90% may consist of congelation ice.
2. In Kleye Strait, the ice grows to 39  10 cm in December, 54  9 cm in January, 71  11 cm in February, 76  12 cm in March, and 100  7 cm in April. The ice sheet has a two-layer structure: granular snow-ice layer on top and columnar ice layer below. A remarkable addition to ice thickness, on average 24 cm (from 76 to 100 cm thickness) results during mid-March to mid-April due to snow-ice formation.
A one-dimensional thermodynamic model was calibrated with observed data and used to examine the thickness climatology. The model consists of Maykut and Untersteiner (1971) type congelation ice treatment and a snow model, which takes account of snow compaction, slush formation, and snow-ice growth. The main outcome of the paper is in the role of snow and slush in the growth and melting of sea ice based on data and modelling. The timing of the snowfall largely influences the snowice growth, slush controls the temperature conditions and may persist several weeks, oceanic heat flux may eat congelation ice and give more space for snow-ice growth, and the spring snow-ice growth due to daily melt-freeze cycles may be highly significant.
The field programme continues in Kleye Strait for a good long-term database for the landfast sea ice and its thermal forcing. In Saroma-ko Lagoon a detail experimental study is ongoing to examine the snow-slush-snow ice process including the evolution of the salinity distribution (Kawamura et al., 2004) . These data not only provide real information on ice structure but also will tell where and how errors come into model simulations. In the modelling development salinity and mechanical breakage of ice needs to be included. The evolution of the landfast ice will aid also basin wide models of the ice conditions in the Sea of Okhotsk by providing excellent control for the thermodynamics.
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